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Abstract 
Proteostasis is essential for proper cellular function, including the production of peptides 
with biological functions via the degradation of proteins/peptides through controlled proteolysis. 
Proteostasis contributes to the maintenance of cellular functions and plant-environment 
interactions under physiological conditions. Plant stress continues to reduce agricultural yields 
resulting in significant economic losses; thus, it is crucial to understand how plants perceive 
stress signals to elicit responses for survival. As previously shown in Arabidopsis thaliana, 
thimet oligopeptidases (TOPs) are essential components in plant response to oxidative stress 
triggered by pathogens. However, further characterization of TOPs, and their peptide substrates 
is required to understand their contributions to stress perception and defense signaling. Label-
free peptidomics via liquid chromatography-tandem mass spectrometry (LC-MS/MS) was used 
to differentially quantify 1111 peptides, originating from 369 proteins, between the Arabidopsis 
Col-0 wild type and top1top2 knock-out mutant. This revealed 350 peptides as significantly more 
abundant in the mutant, representing accumulation of these potential TOP substrates. Ten direct 
substrates were validated using in vitro enzyme assays and electrospray ionization mass 
spectrometry (ESI-MS) with recombinant TOPs and synthetic candidate peptides. The TOP 
substrates discovered are derived from proteins involved in photosynthesis, biogenesis, 
glycolysis, protein folding, and antioxidant defense, implicating TOP involvement in processes 
beyond defense signaling. Identification of these substrates provides a framework for TOP 
signaling networks, through which the interplay between proteolytic pathways and defense 
signaling can be further characterized. 
Introduction 
Plants have evolved various strategies to maintain protein homeostasis (proteostasis), 
balancing protein synthesis, assembly, and degradation1. Proteolysis is recognized as critical for 
the plant’s defense against pathogens and adaptive responses to environmental stress2-3. Apart 
from the process of complete proteolysis, controlled proteolysis, the process by which 
proteases/peptidases generate proteins/peptides with biological functions, is well understood in 
metazoans4-6. Animal oligopeptidases with limited substrate specificities are critical factors in 
generating biologically active peptides with roles in growth, development, and defense 
mechanisms through modulation of signal transduction pathways7-8. Controlled proteolysis in 
plants is less explored and requires more investigation to reveal the identity of the protease 
activities involved and their bioactive peptide products. 
Plant stress caused by pathogens or through abiotic means (e.g., drought or temperature) 
reduces agricultural yields, causing substantial economic losses while reducing food security at 
the global level9-10. It is critical to recognize how plants perceive stress signals to elicit responses 
for survival. Endogenous plant peptidases and their peptide products play an important role in 
the signaling of plant immune processes11-13. However, increased understanding of peptidases in 
plant stress response is limited by the ability to identify substrates, characterize features of 
substrate recognition, as well as understand how cleavage products elicit downstream signaling 
effects due to the perceived stress14-15. 
Thimet oligopeptidases (TOPs) are zinc‐dependent peptide hydrolases with a conserved 
HEXXH active site motif16-17. These metallopeptidases are critical components in plant response 
to oxidative stress triggered by pathogens or abiotic factors and are required for a fully 
functioning immune response to certain pathogens18-19. The Arabidopsis genome contains two 
genes encoding TOPs: TOP1 and TOP220. TOP1 (also known as organellar oligopeptidase, OOP) 
contains an N‐terminal signal peptide that mediates its localization to chloroplasts and 
mitochondria19, 21. It was shown to cleave presequences containing eight to 23 amino acids in 
vitro and is hypothesized to act downstream of organellar proteases for intra‐organelle peptide 
degradation and organelle import processing21. It is proposed that TOP1 may be involved in an 
array of proteolytic processes due to its broad enzymatic specificity21. TOP2 (also known as 
cytosolic oligopeptidase, CyOP) is located in the cytosol, where it is predicted to act downstream 
of the 20S proteasome, degrading proteasome‐generated peptides during oxidative stress19, 21-22. 
Prior evidence suggests that TOP1 and TOP2 have functional overlap in effector‐triggered 
immunity and programmed cell death18-19, 21-22. Further differential characterization of the 
TOP1/TOP2 null mutant with the wild type (WT) will allow for the delineation of TOP peptide 
substrates and their specificity in substrate selection, which will generate insights into the 
relevance of TOP‐mediated proteolytic pathways in proteostasis. 
Herein, a quantitative mass spectrometry (MS)‐based peptidomics approach was 
implemented to characterize the Arabidopsis thaliana plant peptidome in the context of TOPs. A 
comparison between WT (Col‐0) and top1top2 null mutant revealed putative direct and indirect 
TOP substrates in vivo; direct substrates were validated via in vitro enzyme assays. Ten novel 
TOP substrates were identified. 
Results and Discussion 
It is imperative to examine peptidomes in an in vivo context, as in vitro peptidase 
cleavage assays may reveal activity against an array of putative substrates that are otherwise 
irrelevant. To profile the Arabidopsis peptidome, peptide extracts were directly analyzed intact 
(similar to top‐down proteomics). This enabled direct detection of multiple peptidoforms: 
peptides containing the same amino acid sequence with differing termini post‐translational 
modifications (PTMs) due to differential processing or cleavages. Because these peptides are 
derived from in vivo proteolysis and analyzed without further digestion, MS abundances are 
solely indicative of these peptides and are not reflective of intact protein abundances (as is the 
case in traditional bottom‐up proteomics experiments). 
Differential peptidomics reveals putative TOP substrates 
Peptidase activity nullified via genetic or chemical approaches decreases peptidase 
products and increases the accumulation of substrates23. Thus, the absence of TOP1 and TOP2 in 
vivo would result in an increased abundance of peptide substrates in the top1top2 knock‐out 
mutant versus Col‐0 WT. Likewise, a representative increased abundance of products derived 
from these substrates would be expected in Col‐0 WT versus the mutant. While TOP1 and TOP2 
have different subcellular localizations, their functional overlap and high sequence similarity 
(92%) suggest a potential for redundant substrates17, 19. The use of the double mutant also 
ensures the detection of TOP substrate accumulation compared to the WT. To determine 
potential TOP substrates, three biological replicates across each genotype were extracted and 
1111 unique peptides from 369 proteins were quantified. Of these 1111 peptides, 373 had a 
significant fold change, with 350 peptides more abundant in top1top2 (representing potential 
TOP substrates) and 23 more abundant in the WT (representing potential cleaved products of 
TOP substrates). 
Validation of TOP substrates and peptidase cleavage specificity 
Peptides significantly more abundant in the top1top2 mutant in vivo represent putative 
direct substrates or pleotropic effects displaying increased accumulation due to the loss of TOP 
activity (Rei Liao and van Wijk, 2019). Therefore, in vitro validation is required to differentiate 
between these outcomes. We elected to take an unbiased approach, prioritizing peptides for 
synthesis using the following criteria: (i) consideration of previously determined TOP substrate 
length (eight to 23 amino acids), (ii) the most significant in vivo fold changes, and (iii) detection 
of increased top1top2 mutant peptides from the same protein with overlapping recognition 
sequences. To determine direct substrates and cleavage specificity of TOPs, in vitro enzyme 
assays were conducted with 17 synthetic peptides (Table 1). Substrate candidates were incubated 
with recombinant TOP1, ΔSPTOP1 (lacking the N‐terminal signal peptide), and TOP2 and 
analyzed via electrospray ionization (ESI)‐MS. To validate putative TOP substrates, mass 
spectra of reaction mixtures were examined to identify unique ions detected in the enzyme‐
treated samples, indicating cleaved peptide products. 
Table 1. Synthetic AtTOP peptide substrates tested in in vitro enzyme assays. All peptides were significantly increasing in the 
top1top2 mutants and the fold change represents this increase, except the peptides from protein accessions AT5G15970 and 
AT3G12290, where a longer or shorter peptide sequence was significantly increasing (SETNKNAFQAGQAAGKAE for 










AT1G55490 P21240 Chaperonin 60 subunit β 1 AGVNKLADLVGVTLGPK 57.3 Yes 
AT2G33800 P93014 30S ribosomal protein S5 VMLRPASPGTGVIAGGA 42.0 Yes 
AT4G05180 Q41932 Oxygen-evolving enhancer protein 3-2 FQTIDNLDYAARSKSSPD 29.0 Yes 
AT1G26630 Q93VP3 Eukaryotic translation initiation factor 5A-2 SDDEHHFEASESGAS 16.1 Yes 
AT2G19730 O82204 60S ribosomal protein L28-1 AADKDQAVVLATT 10.7 Yes 
AT4G35090 P25819 Catalase-2 MDPYKYRPA 7.1 Yes 
AT4G14880 P47998 Cysteine synthase 1 FDATRKEAEAM 4.0 Yes 
AT5G15970 P31169 Stress-induced protein KIN2 AFQAGQAAGKAE 3.3 Yes 
AT3G12780 Q9LD57 Phosphoglycerate kinase 1 GKVLPGVIALDEAIPVT 2.3 Yes 
AT3G12290 Q9LHH7 Bifunctional protein FolD 2 MLLRNTVDGAKRVFGE 2.1 Yes 
AT2G24190 Q9ZUH5 Short-chain dehydrogenase/reductase 2b SVEEGASSPVR 1576.6 No 
AT4G09650 Q9SSS9 ATP synthase subunit Δ KRQVIDDIVKSS 458.7 No 
AT3G23810 Q9LK36 Adenosylhomocysteinase 2 TKLTKDQSDYVSIPVEGPYKP 156.8 No 
AT4G20360 P17745 Elongation factor Tu SIGSSVAKKYDEIDAAPEERA 51.9 No 
AT3G12780 Q9LD57 Phosphoglycerate kinase 1 SVGDLTSADLKGK 40.2 No 
ATCG00480 P19366 ATP synthase subunit β VINEQNLAESK 24.9 No 
AT3G60750 F4JBY2 Transketolase TVEPTTDSSIVDKSVNSIR 11.5 No 
The exact masses resulting from high‐resolving power MS were used to determine 
peptidase cleavage locations (Figure 1, Table 2). The detection of the cleaved peptide products 
greatly relies on their ionization efficiencies, which are dictated by their amino acid 
compositions. Since it is not expected that all potential peptide products will be detected in these 
analyses, the identification of one product of a cleavage represents the presence of that cleavage.  
 
Figure 1. In vitro enzymatic assay with peptide AGVNKLADLVGVTLGPK. The untreated AGVNKLADLVGVTLGPK peptide was 
detected in two charge states (red, m/z 826.49, +2 charge state and m/z 551.33, +3 charge state). One cleavage site was 
detected for TOP1. The N‐terminal product (AGVNKLADLVGVTL, blue, m/z 685.41, +2 charge state) indicates this TOP cleavage 
site. Four cleavage sites were detected for ΔSPTOP1. The first is the one identified for TOP1. The N‐terminal and C‐terminal 
product pairs AGVNKLA/DLVGVTL (green, m/z 336.71, +2 charge state and orange, m/z 716.42, +1 charge state) and 
AGVNKL/ADLVGVTL (purple, m/z 301.19, +2 charge state and yellow, m/z 787.46, +1 charge state) indicate two cleavage sites, 
while the C‐terminal product VTL (pink, m/z 332.22, +1 charge state) indicates the fourth cleavage site. 
Of the 17 candidate peptides, 10 were identified as cleaved by TOP1, ΔSPTOP1, and/or 
TOP2, representing direct TOP substrates. There were no TOP cleavages detected for some 
peptides that had large fold changes in top1top2 compared to WT, demonstrating the ability of 
our in vitro validation to distinguish true substrates from pleiotropic effects. The greatest number 
of identified substrates and cleavage sites was determined for ΔSPTOP1 (10 confirmed substrates, 
29 total cleavages), while TOP1 (six confirmed substrates, nine total cleavages) had slightly 
more cleavages than TOP2 (five confirmed substrates, seven total cleavages). This difference 
could be attributed to the signal peptide, as it has been shown in Pisum sativum where the signal 
peptide region of the mature stromal processing peptidase (SPP) strongly reduces the ability of 
the enzyme to interact with its substrates; removal of the N‐terminal region of the signal peptide 
may initiate the mechanism of SPP folding and activation24-25.  
 
Table 2: Synthetic AtTOP peptide substrates found to be cleaved by TOPs after analysis with ESI-MS. The arrows represent 
identified sites of cleavage (ND: none detected). Cleaved peptide products that are bolded and underlined were uniquely 





Peptide Sequence TOP1 Cleavage Sites ΔSP TOP1 Cleavage Sites TOP2 Cleavage Sites 






AT1G26630 Q93VP3 SDDEHHFEASESGAS ND SDDEHHFE↓ASESGAS ND 












AT4G35090 P25819 MDPYKYRPA MDPYKY↓RPA MDPYKY↓RPA MDPYKY↓RPA 




AT4G05180 Q41932 FQTIDNLDYAARSKSSPD ND FQTIDNLD↓YAARSKSSPD ND 

























It is not surprising that TOP1 and TOP2 show differences in activity, as the crystal 
structures of ΔSPTOP1 and TOP2 reveal dramatic structural differences21, 26. The major domains 
of ΔSPTOP1, which enclose its catalytic cavity, are located much closer to each other, resulting in 
a tighter active site, which could contribute to its increased enzymatic activity21, 26. Of the 10 
ΔSPTOP1‐cleaved peptides, nine (all peptides except SDDEHHFEASESGAS) are derived from 
proteins localized to chloroplasts or mitochondria. Of the five TOP2‐cleaved peptides, four (all 
peptides except VMLRPASPGTGVIAGGA) are derived from cytosolic proteins. 
These validated TOP substrates are derived from proteins involved in various cellular 
processes, including photosynthesis (oxygen‐evolving enhancer protein 3‐2), glycolysis 
(phosphoglycerate kinase 1), protein folding (chaperonin 60 subunit β 1), biogenesis (30S 
ribosomal protein S5, eukaryotic translation initiation factor 5A‐2, 60S ribosomal protein L28‐1, 
cysteine synthase 1, bifunctional protein FolD 2), and antioxidant defense (catalase‐2). These 
processes are negatively affected by biotic and abiotic stressors, resulting in aberrant or damaged 
proteins27-28. Removal of these undesired proteins is crucial for maintaining homeostasis via 
energy conservation, and proteolysis is necessary for proper plant defense against pathogens and 
environmental stress29. The identification of these peptide substrates implicates TOPs in the 
preservation of these important cellular processes through proteolysis. 
Further characterization of these confirmed TOP substrates will need to be performed to 
determine if they are protein turnover degradation products or if they are bioactive defense 
signaling molecules. However, the proteins from which the validated peptides were derived are 
linked by their previously reported association with the Arabidopsis stress response. The 
connection between TOP peptide substrates and these responses could implicate TOP proteolytic 
activities in plant stress signaling, as previously shown (Moreau et al., 2013; Westlake et al., 
2015).  
Previous work using in vitro activity assays determined that TOP1 can degrade peptide 
fragments between 8 and 23 amino acids21. This aligns with the presented work, where the 
validated TOP substrates contained 9‐18 amino acids. The analysis of TOP1 in vitro suggests 
that this peptidase may have a diverse range of substrates; around 10% of plant presequences are 
≤23 residues, presenting potential TOP1 substrates30. Unlike TOP1, similar studies have not been 
reported with Arabidopsis TOP2. Its structure and localization are comparable to those of human 
TOP, which acts downstream of the proteasome pathway and favors peptide substrates with six 
to 17 amino acids8, 26, 31-32. 
In summary, a quantitative in vivo peptidomics method was developed and optimized to 
allow for the profiling of plant peptides. Using this approach, putative TOP substrates were 
identified from differential label‐free quantitative peptidomics between Col‐0 WT and top1top2 
knock‐out mutant. From these, 10 substrates were validated using in vitro enzyme assays with 
heterologously expressed TOPs and synthetic candidate peptides. These enzymatic assays 
allowed for the identification of TOP cleavage sites. Many of these substrates were derived from 
proteins associated with plant response to stress, strengthening the relationship between TOPs 
and plant stress signaling. Further studies of validated TOP substrates will determine if these 
serve simply as proteolysis products or have any relevant signaling function/bioactivity. Defining 
the roles of these substrates will generate valuable insights into how peptidases contribute to the 
plant immune response. 
Methods 
Plant growth. Seeds for A. thaliana (Arabidopsis) ecotype Columbia (Col‐0) were obtained 
from the Arabidopsis Biological Resource Center (Columbus, OH). Seeds for top1top2 used in 
this study were obtained by growing top1top2 plants with a 12/12 h day/night photoperiod19. 
Seeds were sown individually in 32‐hole plug trays containing soil. After stratification for 
2 weeks with a 14/10 h day/night photoperiod at 20°C, plants were cultivated in a growth 
chamber for 6 weeks with an 8/16 h day/night photoperiod at 22°C and 75% relative humidity 
with 140 µmol m−2 sec−1 photon flux density. Rosette leaves from 6‐week‐old plants were 
excised and immediately frozen under liquid nitrogen (N2) before storage at −80°C. 
LC‐MS/MS analysis. Samples were analyzed using an Acquity UPLC M‐Class System (Waters) 
coupled to a Q Exactive HF‐X mass spectrometer (Thermo Fisher Scientific). MS survey scans 
were collected with a scan range of 350–2000 m/z at a resolving power of 120 000. 
TOP expression, purification and synthetic peptide synthesis. TOPs enzymes and synthetic 
peptides were provided by our collaborators, Sorina Popescu (Mississippi State University) and 
Andrew Wommack (High Point University), respectively. 
In vitro enzyme assay. Synthesized peptides were solubilized in 500 µl of 100 mm NaCl in 
50 mm Tris, pH 7.5. To initiate the enzyme assay, either TOP1, ΔSPTOP1, or TOP2 was added at 
a peptide:TOP ratio of 10:1. The reaction mixture was incubated at 23°C for 30 min. 
Reversed phase solid‐phase extraction. Desalting of samples was performed using 
50 mg/1.0 ml Sep‐Pak C18 cartridges (Waters, Milford, MA, USA) held in an SPE 24‐position 
vacuum manifold (Phenomenex) at a flow rate of 1 drop/s. Resin was first pre‐eluted using 1 ml 
of 50% acetonitrile/0.1% TFA before equilibration with 1 ml of 0.1% TFA. Samples were 
acidified to pH 3 using 10% TFA, loaded onto the cartridges in two passes, and then washed 
using 1 ml of 0.1% TFA. Peptides were eluted using 1 ml of 50% acetonitrile/0.1% TFA and 
dried under vacuum centrifugation. 
ESI‐MS analysis. Samples were resuspended in 100 μl of 50% methanol/0.1% formic acid. 
Peptides were directly infused via ESI on a Q Exactive HF‐X Hybrid mass spectrometer 
(Thermo Fisher Scientific) for intact mass analysis. Samples were injected at a flow rate of 
10 μl min−1 and full MS scans were analyzed in the Orbitrap. The mass spectrometer was 
operated at a resolving power of 120 000, positive polarity, spray voltage of 3 kV, with 150–
2000 m/z range, and collecting 100 scans/sample for averaging. 
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